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a b s t r a c t 
This study investigates the microstructure and mechanical property in heat affected zone (HAZ) between 
F82H and SUS316L jointed by 4 kW ﬁber laser welding at different parameters such as laser scan rate 
and beam position. OM/FE-SEM observation, EPMA analysis and nano-indentation hardness test were uti- 
lized to characterize the microstructure and evaluate the mechanical property. Results show that the HAZ 
width is dependent on the welding condition. The precipitation of M 23 C 6 particle in HAZ is found to be 
closely related to the distance from WM/HAZ interface. Decrease in Cr and C concentration in M 23 C 6 de- 
pended on the welding condition; the decrease was relatively milder in the case of shifting the beam 
position to SUS side. Furthermore, the rapid increment in nano-indentation hardness, i.e. ≈2500 MPa, at 
HAZ/F82H interface was observed regardless of welding parameters. The temperatures at HAZ/F82H in- 
terface were estimated from Cr and C concentration change of M 23 C 6 by EPMA. It was revealed that the 
temperature of HAZ/F82H interface increased with increasing HAZ width, and that the presence of over- 
tempered HAZ (THAZ) region is conﬁrmed only in the specimens welded right on the F82H/SUS interface 
(no-shift) at the laser scan rate of 3 m/min. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
F82H steels are regarded as one of the candidate structure ma-
erials for fusion blanket system. Weldability of them is highly es-
ential to their practical applications, because welding is an in-
vitable process for box-shaped breeding blanket system [1] . For
nstance, the water-cooling pipe made by F82H in the blanket sys-
em has to be jointed with the cooling pipe made by SUS316L
teel in ITER, which makes the dissimilar joining technique be-
ween F82H and SUS316L steel indispensable. To date, many in-
estigations on welded F82H have been reported. Techniques such
s tungsten inert gas (TIG) welding [2] , friction stir welding (FSW)
3] , electron beam (EB) welding [4] and ﬁber laser welding [5] have
een employed to weld F82H. Fiber laser welding is a relatively
ewly-developed technique and currently regarded as one of the∗ Corresponding author. 
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SUS316L by ﬁber laser welding, Nuclear Materials and Energy (2016), host promising methods, due to its high speed and deep penetra-
ion, as well as high eﬃciency, high power and high beam qual-
ty [6] . Serizawa et.al., [5] pointed out the advances of the ﬁber
aser welding such as its availability in low vacuum environment
nd relatively low distortion and residual stress caused by welding
han other techniques, and concluded that the ﬁber laser welding
s a suitable way to joint F82H and SUS316L materials. 
The practical performance of welded F82H such as creep and
rradiation integrity is signiﬁcantly inﬂuenced by the microstruc-
ure of heat affected zone (HAZ) in F82H [7] , particularly the pre-
ipitates: M 23 C 6 (M = Cr, W and Fe) and MX (M = Ta, V; X = C, N)
8,9] . However, these precipitates would undergo distinct change
aused by the very high heat input during the welding. The mi-
rostructural change is presumed to inﬂuence mechanical proper-
ies. Undoubtedly, the microstructure of HAZ is directly inﬂuenced
y the welding parameters such as beam energy, laser scan rate
nd beam position [10] , all of which would affect the maximum
emperature, its duration and cooling rate. Nevertheless, the effectsY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Chemical compositions of F82H and SUS316L (wt.%). 
C Si Mn Ni Cr Mo W Ta V Fe 
F82H 0 .097 0 .1 0 .44 < 0.002 7 .81 < 0.002 1 .84 0 .058 0 .2 Bal. 
SUS316L 0 .021 0 .73 0 .99 12 .13 17 .25 2 .11 - - - Bal. 
Table 2 
Fiber laser welding parameters. 
Sample name Power Beam spot Thickness Shift Scan Speed 
(kW) (mm) (mm) (mm) (m/min) 
3 m/min No shift 4 0 .2 4 0 3 
4 m/min No shift 0 4 
4 m/min 0.2mm shift 0 .2 4 
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e  of welding parameters in ﬁber laser welding still has not yet been
well-understood, especially in the dissimilar joint between F82H
and SUS316L. 
On the other hand, special attention is better to be paid to
the precipitation behavior in the HAZ region formed in laser ﬁber
welded F82H. It is reported that the precipitation behavior of
M 23 C 6 in HAZ and weld metal (WM) regions of F82H welded by
TIG was different from base metal of F82H, when being subjected
to thermal ageing and irradiation [11] , which may also happen in
the HAZ redoing of laser ﬁber welded F82H. The stability of the
ﬁne particles in F82H especially in HAZ region is signiﬁcantly im-
portant for the mechanical performance when comes to the prac-
tical application of piping in blanket system. The mechanism of
the common failure in the piping due to creep deformation, also
named type-4 cracking, is believed to be related to the decompo-
sition of the ﬁne particles [12] . Therefore, it is necessary to clarify
the precipitation behavior of ﬁne particles in HAZ region formed
in laser ﬁber welded F82H. 
Therefore, the purpose of the present study is to evaluate of
the microstructure in HAZ formed by ﬁber laser welding between
F82H and SUS316L (SUS) steel at different welding parameters,
such as laser scan rate and laser beam position in order to probe
the effect of welding parameters on the formation of microstruc-
ture. In particularly, the microstructural analyses were carried out
by mainly focusing on the precipitation of M 23 C 6 particles in the
region of HAZ formed in F82H steel. 
2. Experimental procedure 
F82H and SUS plates whose sizes were 100 mm in length,
50 mm in width and 4 mm in thickness were used as experimental
materials. The chemical compositions of these materials are shown
in Table 1 . Before welding, F82H was normalized at 1313 K for
1.8 ks and tempered at 1023 K for 5.4 ks. Welding conditions are
summarized in Table 2 . Taking the ﬁxed laser power (4 kW), two
kinds of laser beam position were applied; one is right on the con-
tact face, and the other one is 0.2 mm shifting to SUS side. Object
of this technique is to minimize the microstructure change of F82H
from as-heat treated specimen due to the welding heat input. Also,
the laser scan rate which is identical to the welding speed was
taken as one of experimental parameters, namely 3 and 4 m/min in
this work. Hereafter, the samples will be named after the welding
parameter. For example, “3 m/min No shift” stands for the speci-
men welded at the laser scan rate of 3 m/min and the beam posi-
tion right on the contact face, and “4 m/min 0.2 mm shift” stands
for the specimen welded at the laser scan rate of 4 m/min and the
beam position of 0.2 mm in SUS side from the F82H/SUS contact
face. 
Microstructure characterization was performed by an opti-
cal microscope (OM), a ﬁeld-emission scanning electron micro-Please cite this article as: S. Kano et al., Microstructure and mechan
SUS316L by ﬁber laser welding, Nuclear Materials and Energy (2016), hcope (FE-SEM) and a ﬁeld-emission electron probe micro analyzer
EPMA). Electron accelerating voltage and scanning step of EPMA
ere 30 kV and 0.06 μm, respectively. The average concentration
nd standard deviation of Cr and C were derived from 30 particles
n the EMPA mapping image. Nano-indentation hardness test (SHI-
ADZU Co., DUH-211s) was performed, the evaluation of mechan-
cal property associated with the distance from the F82H/SUS con-
act face was carried out to identify the character of microstruc-
ure of local area of HAZ. Indentation depth was set as 0.25 μm
nd the nano-hardness ( H it ) was calculated by Olver-Pharr method
13] . The area subjected to nano-indentation tests were 600 μm in
ength and 100 μm in width in order to cover suﬃcient regions in
US, weld metal, HAZ and F82H. The distance between the neigh-
or indentations in hardness test was 10 μm. 
. Results 
.1. Decomposition of M 23 C 6 particle in HAZ 
The optical micrographs (OM) and Secondary electron micro-
raphs (SE) of 3 m/min No shif, 4 m/min No shift and 4 m/min
.2 mm shift specimens are shown in Fig. 1 . In all of welding con-
ition specimens, from either SE or OM micrographs, it is clearly
een that the as-welded specimens could be divided into four dis-
inct parts: base metal of F82H, HAZ in F82H (HAZ), weld metal
WM), and base metal of SUS. WM/HAZ and HAZ/F82H interfaces
re noted by dot lines, respectively. The average HAZ width of 3
/min No shift, 4 m/min No shift and 4 m/min 0.2 mm shift speci-
en was measured as approximately 165, 200 and 220 μm, respec-
ively. 
The dark area in SE micrographs in Fig. 1 indicated the EMPA
nalyzed regions, which starts from F82H and ends at WM regions.
he elemental mapping of Cr and C arranged from F82H to WM
re shown in Fig. 2 . High contract dot features, some of which ag-
lomerated into line features, were clearly observed in F82H side
n the both specimens, indicating the segregation of Cr and C in
82H. The contrast features are presumably M 23 C 6 particles in the
riginal F82H according to our previous study [14,15] . The distri-
ution of the particles was attributed from the preferential pre-
ipitation of M 23 C 6 particles along grain boundaries, such as prior
ustenite, packet, block and lath. Note that the Cr segregation was
ubstantially obvious in F82H side, besides, the Cr intensity gradu-
lly decreased when the position shifted to WM side. On the other
and, it is also noteworthy that the C segregation was preferen-
ially detected in the F82H and the adjacent HAZ regions. With re-
pect to the observations, it is presumed that M 23 C 6 was present
n the area nearby HAZ/F82H interface and it gradually disappeared
t the midway HAZ, and that precipitate was absent in the periph-
ry of WM/HAZ interface. And such phenomena were noted in allical property in heat affected zone (HAZ) in F82H jointed with 
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Figure 1. Secondary electron image (SE) and optical microphotograph (OM) of dissimilar joint material under ﬁber laser welding after EPMA analyses and nano-indentation 
hardness test of (a) 3 m/min No shift, (b) 4 m/min No shift and (c) 4 m/min 0.2mm shift specimens. Low-contrast spots in SEI are contamination by EPMA analysis. WM/HAZ 
and HAZ/F82H interface indicate chain line. Average HAZ width of (a), (b) and (c) were 220, 200 and 165 μm, respectively. 
Figure 2. OM and Cr and C mapping images in HAZ of (a) 3 m/min No shift and (b) 4 m/min 0.2mm shift specimens. 
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a  he specimens, regardless of beam speed and beam position. To our
nowledge, the phenomena were ﬁrstly reported. 
The Cr and C concentrations in M 23 C 6 achieved from EPMA
apping taken at different region are plotted with the distance
rom WM/HAZ interface, which is shown in Fig. 3 . HAZ and F82H
egions were indicated by arrows, respectively. The average Cr and
 concentrations in M 23 C 6 were respectively analyzed as 14.8 and
.72 wt.% in both specimens. Comparing to the chemical compo-
ition of M C in F82H matrix measured by TEM/EDS, i.e. 61 and23 6 
Please cite this article as: S. Kano et al., Microstructure and mechan
SUS316L by ﬁber laser welding, Nuclear Materials and Energy (2016), h3 wt.% for Cr and C, respectively [7,11] , fairly low level of Cr and
 concentration was detected in HAZ. This difference is presum-
bly caused by the instrumental error. Characteristic X-rays de-
ected in EPMA contain signals from a certain volume which is
uch larger than the probe size due to the scattering the electron
eam inside specimen [16] . Although the probe size and the sam-
ling step of EPMA analyses employed in present study were about
00 nm and 60 nm, the estimated diameter of the volume which
ttributes to the characteristic X-ray was roughly 400 nm. Since theical property in heat affected zone (HAZ) in F82H jointed with 
ttp://dx.doi.org/10.1016/j.nme.2016.08.004 
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Figure 3. Cr and C concentrations of precipitates in (a) 3 m/min No shift and (b) 4 m/min 0.2mm shift specimens as a function of the distance from WM/HAZ interface. 
Error bars indicate the standard deviation of measurement from 30 precipitates for each location. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Variation of nano-indentation hardness with the distance from WM/HAZ 
interface under several ﬁber laser welding conditions. 
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l  average size of M 23 C 6 in F82H was approximately 100 nm [7,11] ,
the measured composition here contains the signals both from pre-
cipitates and matrix, the latter of which contains the lower con-
centration of Cr and C than the former. Besides the concentrations
are in fact less quantitative, their relative variation is still meaning-
ful, from which it is able to investigate the precipitation behavior
of these alloying atoms. Furthermore, EPMA allows us to measure
tens or hundreds of precipitates at once, which enhances statistical
accuracy. 
Overall, it is noted that, in both of the specimens, both of Cr
and C concentrations in precipitates were relatively higher at the
F82H side, they subsequently decreased from the F82H/HAZ inter-
face until roughly stabilized in the HAZ/WM interface. Thus, it is
clear that the segregation of Cr and C in HAZ is closely related
to the distance from WM/HAZ interface, presumably introduced by
the sharp heat gradient from welding side to F82H matrix side.
Meanwhile, the Cr and C concentrations in “3 m/min No shift”
specimen were different from those in “4 m/min 0.2 mm shift”
specimen at both the F82H matrix side and HAZ/WM interface.
Furthermore, the decreasing trend in “3 m/min No shift” speci-
men was relatively gentler, as compared with the welding condi-
tion of “4 m/min No shift specimen” [12] . Therefore, it is concluded
that precipitation of M 23 C 6 was inﬂuenced not only by the loca-
tion but also the welding parameter such as scan rate and welding
position. 
3.2. Nano-indentation hardness 
Fig. 4 shows the variation of nano-indentation hardness with
the distance from WM/HAZ interface under several ﬁber laser
welding conditions. The F82H/HAZ and HAZ/WM interfaces indi-
cated as dot lines and HAZ/WM interface was set to zero. Aver-
age of H it in F82H, HAZ and WM were estimated roughly as 3014,
5443 and 5224 MPa, respectively. This revealed that the mechani-
cal properties of as-welded specimen were unchanged by the scan
rate and welding position, although the microstructure was af-
fected, for instance: the higher scan rate seems result in a rela-
tively narrower HAZ region (see Fig. 1 ). Moreover, the rapid in-
crease of H it was detected at HAZ/F82H interface in all the spec-
imens. The abrupt hardness increment from F82H to HAZ was ap-
proximately 2500 MPa. It is considered that the H it increment hap-
pened at the HAZ/F82H interface is presumably attributable to the
martensitic transformation due to the drastic heat input and rapid
cooling by laser beam welding. This suggested that the maximum
temperature in HAZ region was above Ac . 1 
Please cite this article as: S. Kano et al., Microstructure and mechan
SUS316L by ﬁber laser welding, Nuclear Materials and Energy (2016), h. Discussions 
.1. Assessment of temperature gradient in HAZ 
The temperature gradient in HAZ has been assessed from Cr
nd C concentration change in precipitates evaluated by EPMA
n our previous study [14] , this technique is that the equivalent
hermal equilibrium temperatures in various regions in HAZ could
e calculated based on the data set in annealed specimens; the
athematical relationship between the temperature and Cr and
 concentration of M 23 C 6 particle express the four dimensions
ogistic curve ﬁtting formula, the temperature in HAZ calculated
rom correlation between chemical composition change of pre-
ipitate at each region in HAZ and annealing temperature. Simi-
arly, temperature gradients of HAZ in all the specimens measuredical property in heat affected zone (HAZ) in F82H jointed with 
ttp://dx.doi.org/10.1016/j.nme.2016.08.004 
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Figure 5. Dependence of temperature on distance from WM/HAZ interface under 
several ﬁber laser welding conditions calculated by Cr/C concentration in M23C6 
precipitate. Ac1 and Ac3 temperatures of F82H steel are 1089 and 1198 K, respec- 
tively. 
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Jrom the decomposition of M 23 C 6 are shown in Fig. 5 . These tem-
erature gradients were estimated from the average value of Cr
nd C concentration in precipitates and assumed that the tem-
erature in WM/HAZ interface be the melting point of Fe-8Cr-
W-0.1C steel calculated by Thermo-Calc software, i.e.: 1890 K. As
oted from Fig. 5 , the temperature gradients of all the specimens
how high similarity; the temperature suddenly decreased with
he decreasing distance from the WM/HAZ interface, this decreas-
ng rate in range from less than 5 μm near WM/HAZ interface
as approximately 60 K/μm. Furthermore, the highest tempera-
ure experienced at HAZ/F82H interface was estimated as 1163,
179 and 1186 K for 3 m/min No shift, 4 m/min No shift and 4
/min 0.2 mm shift specimens, respectively. These temperatures
re roughly equivalent to the middle temperature range between
c 1 and Ac 3 [17] . However, this estimation is unable to explain the
phase formation because the α→ γ transformation temperature
ay be higher under the non-equilibrium annealing condition in
uch laser welding process. In other words, the heat that is nec-
ssary to rearrange of crystal structure is overestimated from the
tatic thermal equilibrium condition. Therefore, the accurate de-
ermination of the temperature in HAZ during welding may not
e provided only by the chemical composition variation in M 23 C 6 ,
ven though the detail of phase transformation during ﬁber laser
elding is unclear. But, from the temperatures at HAZ/F82H inter-
ace estimated from Fig. 5 , it is found the temperature at HAZ/F82H
nterface decreased with increasing HAZ width, which is fairly rea-
onable because the wider HAZ width leads to a further distance
way from the welding point. 
.2. Over-tempered HAZ (THAZ) 
As revealed from the C and Cr chemical composition change of
 23 C 6 in HAZ (see Fig. 3 ), it is found that the Cr and C concentra-
ions at the location of 330 μm away from the WM/HAZ interface
n 3 m/min No shift specimen was higher than the matrix of F82H.
ccording to our previous study [14] , in which the F82H was equi-
ibrium thermally annealed at various temperatures ranging from
073 to 1323 K and followed by air cooling, the Cr and C concen-
rations of precipitate in 1073 K annealed specimen were respec-
ively 16.7 and 1.3 wt.%, these values are slightly higher than those
n the original F82H, i.e. 14.8 wt.%Cr and 0.72 wt.%C. Thus, it wasPlease cite this article as: S. Kano et al., Microstructure and mechan
SUS316L by ﬁber laser welding, Nuclear Materials and Energy (2016), honcluded that the average C and Cr concentration of precipitate
ncreased compared to the matrix due to the annealing at higher
han the tempering temperature condition. Beside, as indicated
reviously, the HAZ formed by ﬁber laser welding between F82H
nd SUS316L is identiﬁed to contain two regions: coarse grain HAZ
CGHAZ) and ﬁne grain HAZ (FGHAZ). But, the over-tempered HAZ
THAZ) region was not observed. Tanigawa et.al., [2] reported that
he THAZ region existed beyond the FGHAZ region in TIG-welded
82H. The microstructural features in THAZ were grain coarsening
nd recovery due to the annealing effect by strong welding heat
nput, which resulted in the decreasing of strength. This is because
he maximum temperature in this region experienced during weld-
ng is estimated 1023 K, which is lower than Ac 1 . Nevertheless,
he chemical composition of M 23 C 6 in THAZ has not been stud-
ed yet. In present study it is clearly demonstrated that the Cr and
 concentration in M 23 C 6 was higher in the specimen annealed
bove tempering temperature, presumably controlled by the Ost-
ald ripening [18] . Furthermore, as revealed from EBSD analysis,
he signiﬁcant grain size change of martensite was not observed at
he location periphery 330 μm away from WM/HAZ interface in 3
/min No shift specimen, despite that the grain growth was sup-
osed to occur at the THAZ region based on the theoretical thermal
istribution under welding. The absence of grain growth in this re-
ion is probably because that the welding heat input by ﬁber laser
s extremely high and the heating and cooling rate is extremely
ast, leaving scarcely any time needed for grain growth. Therefore,
ased on the microstructure analysis it is considered that the THAZ
egion locates 330 μm away from WM/HAZ interface in 3 m/min
o shift specimen. However, the decrease of H it was not observed
n the region, this is because the microstructure change caused by
apidly heating and cooling during ﬁber laser welding was not ob-
ious. 
. Conclusions 
To investigate the effects of ﬁber laser welding parameters
n microstructure and mechanical property, SEM/OM observation,
PMA analysis and nano-indentation hardness test were performed
n specimens prepared at different welding speeds and beam po-
itions. It is observed that HAZ width was inﬂuenced by welding
peed and beam position; the HAZ width of 3 m/min No shift and
 m/min 0.2 mm shift specimens were 220 and 165 μm, respec-
ively. However, those welding parameters affected trivial on the
ano-indentation hardness of WM and HAZ. Besides, the decom-
osition of M 23 C 6 in HAZ was found to be closely correlated to the
istance from WM/HAZ interface, regardless of the welding speed
nd beam position. Decrease in Cr and C concentration in M 23 C 6 
as observed and was relatively mild in the specimens exposed to
he shifting of the beam position to SUS. Furthermore, the tem-
erature at HAZ/F82H interface under different welding parame-
er was estimated from Cr and C concentration variation in M 23 C 6 .
ased on the composition measurement of M 23 C 6 , temperature at
he HAZ/F82H interface is higher in wide HAZ specimen, while
he THAZ was analyzed to be present in the specimen welded at
lower rate. 
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